We used electron spectroscopic imaging (ESI) and electron energy loss spectroscopy (EELS) to compare multilamellar bodies (MLB) of T~rpe II alveolar epithelial cells with MLBlike structures that are present in various alveolar septal cells after ftvtion with tannic acid. Despite their structural similarity in conventional transmission electron miaoscopy, the phosphorus signal recorded by both ESI and EELS was
Introduction
'Gnnic acid was introduced as an additive fixative for ultrastructural studies by Mizuhira and Futaesaku in 1972 (1) . Since then, tannic acid has been used, for example, to improve membrane contrast (2-5), to stain elastic fibers (6) and cytoskeletal and extracellular matrix elements (7), and to visualize exocytotic events (8) . Kalina and Pease (9) applied tannin to the fmuon of phosphatidylcholines, a major component of lung surfactant and its intracellular storage form in Type I1 alveolar epithelial cells, the multilamellar bodies (MLB). In addition, MLB-like structures were described in other alveolar septal cells, e.g., Type I epithelial cells and capillary endothelial cells, when tannic acid was used as an additive (10,ll). A possible role for these structures in lung surfactant metabolism has been suggested (lo). However, some authors have reported that tannic acid induces the formation of multilamellar vesicles, and hence their presence has to be regarded as an artifact (12J3).
In previous studies, electron spectroscopic imaging (ESI) and electron energy loss spectroscopy (EELS) were shown to be valuable microanalytical tools for differentiation of various lipid-containing organelles of Type I1 alveolar epithelial cells (11, 14 
Materials and Methods
Fixarion Praadurcs. The lungs ofthree pigs, pre-medicated and a n h etized as described previously (15). were excised immediately after cardiac arrest and stored in pre-cooled Tutofusin solution (Pfrimmer & CO; Erlangen. Germany) for N20 min. The right and left lungs were divided for separate fixation (see Figure 1 ). Three ofthem were fixed by intrabronchial instillation of a mixture containing 1.5% glutaraldehyde and 1.5% freshly prepared paraformaldehyde in 0.1 M cacodylate buffer @H 7.35; vehicle osmolarity ~3 0 0 mOsm). Fixation was performed at a pressure of N25 un H20 until the flow of the fmtiw stopped automatically (16). Tissue blocks (1 mm') of one lung were treated with 0.5% cacodylate-buffered tannic acid before osmication with 1% os04 in the same buffer for 2 hr (Lung la). En bloc staining was carried out for 2 hr using 1.5% uranyl acetate in sodium maleate buffer. Samples of the other two lungs were not treated with tannic acid. For en bloc staining, either 1.5% uranyl acetate in maleate buffer for 2 hr (Lung 2a) or 1.5% aqueous uranyl acetate overnight (Lung 2b) were used. One lung was fmed by instillation of a 1.25% g l u t d d ehyde/0.5% tannic acid mixture (Lung Ib), one by perfusion of the same fixative (Lung 3a), and one by simultaneous perfusion and instillation fixation of a 1.25% glutaraldehyde/O.l% tannic acid mixture (Lung 3b). Samples of these three lungs were treated with 1.5 % uranyl acetate in maleate buffer for 2 hr after osmication. All tissue blocks were dehydrated in a graded series of acetone and finally embedded in Araldite. Ultra-thin sections of five to seven blocks of tissue per fmtion procedure were thoroughly examined for the presence of MLB-like structures. Oberkochen, Germany), an analytical electron microscope with integrated electron energy spectrometer. Ultra-thin sections (~3 5 nm thick) were not counterstained. For contrast enhancement, brightfield images were taken by using only elastically scattered electrons. Electron micrographs were recorded on Kodak SO 163 film.
Following Fehrenbach et al. (17), the three-window method was used for phosphorus distribution calculation. The element-specific window beyond the PL2.3 edge was set at an energy loss of 155 eV, and the two background windows below the PL2.3 edge were set at energy losses of 122 and 127 eV, with a slit width of 5 eV. Further processing of phosphorus net distribution images was done by using the CEM 902 software (IBAS, Zciss-Kontron). After sigma filtering, normalization, and application of a median filter, the cut-off gray level for the background was determined interactively with ribosomes used as an internal reference. Element distribution images were photographed from the screen.
For EELS studies, a photomultiplier system connected to an x/y plotter (BBC, SE 790) was used. Spectra were recorded in the specuum mode of the CEM902 over a range of 50-250 eV, using an objective aperture of 90 bm and a spectrometer aperture of 100 pm. Recordings were performed at a magnification of 50.500 so that the recorded area (~0 . 0 5 pm2) was completely occupied by the region of interest.
Results
Although multilamellat bodies were always present in Type I1 alveolar epithelial cells irrespective of the mode of fiition, MLB-like structures were found only in lungs treated with tannic acid. They were within Type I alveolar epithelial cells, interstitial cells, and capillary endothelial cells, as well as between capillary endothelium and intracapillary cells (Figure la) . In some cases, the outermost of the concentrically arranged lamellae was contiguous with the plasmalemma or with an intracellular membrane. A distinct limiting membrane, however, could not be observed. MLBs of Type I1 alveolar epithelial cells were better preserved after en bloc staining in aqueous uranyl acetate overnight than in maleate buffered uranyl acetate for 2 hr (not shown). Treatment with tannic acid did not improve their preservation. They were surrounded by a distinct limiting membrane, and in most cases their lamellae were arranged in parallel and clearly separated from the limiting membrane (Figure 2b) . ESI element distribution images of MLB-like structures gave a considerably lower phosphorus signal than other cell membranes, whereas the phosphorus signal of lamellar bodies was higher than in any other cell component (Figure 3 ). EELS spectra of lamellar bodies showed a more prominent uranium 04,5 edge and a higher phosphorus peak at the Lz,3 edge than spectra recorded over MLB-like structures (Figure 4) . The U 0 4 , 5 edge was present owing to the en bloc staining with uranyl acetate.
Discussion
The ability of tannic acid to enhance membrane contrast, to stain elastic fibers and cytoskeletal and extracellular matrix elements, and to visualize exocytotic events is well known (2) (3) (4) (5) (6) (7) (8) . Recently Berryman et al. (18) reported that low concentrations of tannic acid yield greatly enhanced membrane contrast while preserving sufficient antigenicity. The application of tannic acid to the fixation of phosphatidylcholines as in MLBs of Type I1 alveolar epithelial cells was introduced by Kalina and Pease (9) . After the fixation procedures used in our studies, tannic acid was not observed to improve multilamellar body preservation, which was also reported by Stratton (19) . The best results were achieved by en bloc staining in aqueous uranyl acetate overnight (11) .
MLB-like structures were seen only in tannic acid-treated samples, which is in agreement with the findings of Kalina and Young (10) . Kikkawa and Kaibata (Zo), however, reported the presence of osmiophilic lamellae within vesicles of Type I epithelial cells after a second osmication with an osmium-ethanol mixture. Sbarbati et al. (21) found MLB-like structures on the chemoreceptorial surface of the frog's taste organ, which they termed "surfactantlike material." These structures were also found only after tannic acid treatment. As described by Kalina and Young (lo) , the outer lamellae and limiting membrane of MLB-like structures present in alveolar septal cells other than type I1 epithelial cells were contiguous, and therefore difficult to distinguish. Moreover, they were frequently observed to be closely associated with other cell mem- (11,14) . To avoid misinterpretations and to make results comparable, an intracellular phosphorus reference (e.g., ribosomes) should be used for ESI net phosphorus distribution im- Figure 1 ). as, alveolar space; p. alveolar epithelium, represented by Type I pneumocyte; i. interstitial cell; m. mitochondrion. (b) A multilamellar body in a Type II pneumocyte. Fixation by perfusion with a 1.25% glutaraldehyde/O.5% tannic acid mixture (Lung 3a as in Figure 1 ). as, alveolar space; m, mitochondrion; n, nucleus. Original magnifications: a x 24,000; b x 32,000. Bars = 0.5 pm. MLB-like structures present in tannic acid-treated tissues are thought to be protein-lipid-tannin complexes induced by tannic acid (12, 13) or, as regards alveolar tissues, to be surfactant material in transit from the alveolar space to the circulation (IO) or to lymphatic vessels (20) . Recently, internalization of surfactant apoprotein (27,28) and lipid (28) into multilamellar and multivesicular bodies of rat Type I1 epithelial cells has been demonstrated. Whether the MLB-like structures observed in our study are tannic acidinduced artifacts or whether they are involved in the recycling of surfactant remains unanswered. However, assuming that MLB-like structures consist of surfactant material, it must have been metabolized in a way that considerably decreased their phospholipid content.
